ABSTRACT A NAD(P)H oxiding system (NAAP) was detected and partially purife from leaves of spinh and Sedwn praeabu, seeds and leaves of pea and cells of green and red algae which oxiized NAD(P)H in the presence of ascorbate and H202.
Ofthe soluble peroxidases, the most characterized is the Euglena gracilis enzyme which is a hemoprotein (21) like many other plant peroxidases (18) . Euglena AAP is an unusual hemoprotein in that it is stabilized by sucrose and by ferrous sulfate. In addition, the enzyme has high affinities for ascorbate and H202, with Km values of 410 and 56 ILK respectively (21) . The insoluble spinach enzyme has similar substrate affinities and also appears to be a hemoprotein.
We report here on a peroxidative activity similar to AAP in peas, spinach, Sedum praealtum and algae. This enzyme system designated as NAAP uses NAD(P)H, ascorbate, and H202 as substrates. Furthermore, this system can be solubilized from the chloroplast and is subject to photoregulation.
MATERIALS AND METHODS
Plants and Algae. S. praealtum and peas (Pisum sativum var. Progress No. 9) were grown in the greenhouse. Sedum and peas were grown in a vermiculite-soil mixture or in vermiculite, respectively. Spinach (Spinacia oleracea) was cultivated under controlled conditions (12 h light at 22°C and 12 h dark at 18°C) in a vermiculite-soil mixture. The algae with the exception of Chlamydomonas reinhardii F-60 (9) and Euglena gracilis (10) were grown photoautotrophically with CO2 as the carbon source.
Cell-Free Preparations. About 2 kg of fully expanded spinach leaves or pea leaves taken from 2-week-old plants were washed, cut into segments after the midribs were removed, and homogenized with a Waring Blendor in 50 mM Hepes-NaOH (pH 7.0) at 4°C. Pea seed which were imbibed in water overnight was also disintegrated in the blender. After the homogenate was filtered through cheesecloth, the homogenate was centrifuged at 10,000g for 10 min to remove debris. The homogenate was then fractionated by solid (NH4)2SO4 precipitation. The portion of the homogenate insoluble in 50 to 80%1o (NH4)2SO4 was resuspended in 50 mM Hepes-NaOH (pH 7.0) and absorbed onto calcium phosphate gel. After elution from the gel with 0.1 M K-phosphate, this solution free of catalase was used as the source of higher plant ascorbate peroxidases. The result of treatment with (NH4)2SO4 and gel was an approximate 5-fold purification. Cell-free algal preparations were made by grinding the organisms with an equal weight of aluminum oxide for 5 min in a chilled mortar and pestle. About 5 to 10 ml of 50 mm Hepes-NaOH buffer (pH 7.0) was added and the slurry was centrifuged at 25,000g for 10 Pea, spinach, S. praealtum leaf, and pea seed preparations were partially purified from crude homogenates by 50 to 80% (NH4)2SO4 precipitation, followed by elution from calcium phosphate gel. Spinach chloroplast particles were prepared by rupturing intact chloroplasts in 50 mM HepesNaOH (pH 7.0). The particulate matter was spun down and washed once with the same buffer. To make cell-free algal preparations, the organisms were ground with an equal weight of A1203 for 5 min. Then 5 to 10 ml Hepes-NaOH (pH 7.0) buffer was added and slurry was centrifuged at 25,000g for 10 min to remove A1203 and cellular debris. Effect of Fe2 on Spinach NADH-NAAP. Since inhibition by pyrophosphate and cyanide indicated participation of a metal ion and the finding with a,a-dipyridyl specified Fe2 , this property of NAAP was studied in some detail.
Half of the NADH-linked peroxidase activity was lost after 1 h dialysis of 1 ml enzyme against 2 liters of 50 mm Hepes-NaOH (pH 7.0). This loss was increased to 90%o if 0.1 mm DTT was included in the dialyzing fluid. The activity ofthe dialyzed enzyme was completely restored on addition of 10 to 25 ,UM Fe2+. Higher concentrations (50-100 ,iM) of Fe2+ severely inhibited. Bound iron in the form of ferredoxin or ferrocyanide was not active in restoring activity lost during dialysis. Other ions such as Zn2+ Mg2+, Co2+, Ni +, MoO42+ at 25 ,UM had either no effect or were inhibitory.
Cellular Localization of NAAP and AAP. The data recorded in Table I indicated the presence of AAP but not to NAAP bound to the spinach chloroplastic thylakoids. On lysis of spinach protoplasts, about 20 to 30%o of the total NADH-linked ascorbate peroxidase and AAP was found to be associated with a 650g pellet which contained the bulk of the NADPH-glyceraldehyde-3-P dehydrogenase, a chloroplast marker (Table III) . Another interesting feature of Table III is the finding that repeated washing of this fraction in an isotonic medium did not change the specific activity on a Chl basis of either NADPH-glyceraldehyde-3-P dehydrogenase or the ascorbate peroxidases while the specific activity of catalase, the microbody marker and Cyt c oxidase, the mitochondrial marker decreased several fold.
Photoregulation of Ascorbate Peroxidases. The amount of NAAP and AAP solubilized from a chloroplast preparation was found to be dependent upon whether the chloroplasts were photosynthesizing or kept in the dark prior to organelle rupture. For example, NADH-NAAP (Fig. 3A) and AAP (Fig. 3B) (Fig. 4B ) was assayed as a control in order to demonstrate parallel photoregulation of a chloroplastic enzyme which is activated in the light and inhibited in the dark.
Several compounds eliminated the effect of light on spinach chloroplastic NADH-NAAP. Enzymic activity was not inhibited in the light when chloroplasts were incubated with 10 ,tm DCMU, a concentration which completely blocked photosynthesis. The addition of 25 ,UM FeSO4 to the chloroplast incubation mixture also eliminated the light-mediated inhibition of NADH-NAAP.
In a typical experiment with spinach chloroplasts, the rates of pmol/mg Chl h of NADH-NAAP were: chloroplasts in dark for 10 min, 4.9; chloroplasts photosynthesizing for,10 min, 2.5; chloroplasts kept in dark for 10 min + 25 tLM FeSO4, 11.2; and chloroplasts photosynthesizing for 10 min + 25 !s? FeSO4, 12.9.
DISCUSSION
In every plant assayed, whether the test material was leaf, seed, chloroplast or four green and one red alga, both AAP and NAAP were found together. The results of our study do not rule out the possibility that NAAP is the same protein as AAP, or alternatively, a combination of AAP and some other protein. Thus, it is a possibility that we are measuring ascorbate peroxidase followed by a reoxidation of NAD(P)H with the resulting dehydroascorbate. Several features of the NAAP enzyme may be mentioned which distinguished it from other peroxidase preparations which have been reported.
Beevers (6) has described a NADH oxidation system in cucumber extracts which is stimulated by ascorbate, extremely sensitive to sulihydryl reagents and cyanide but lack of inhibition by catalase discounts similarity to NAAP. Horseradish peroxidase has been reported to oxidize reduced pyridine nucleotide in the 3 . Effect of light on NADH-NAAP and AAP from spinach chloroplasts. Spinach chloroplasts, isolated by rapid mechanical isolation, were incubated at 250C in a medium containing 50 mm Hepes-NaOH (pH 7.0), 0.25 mm KH2PO4, 330 mM sorbitol, 5 mim NaHCO3, 2 mim disodium EDTA, 1 mm MgCl2, and 1 mM MnCl2 in total volume of 1.0 ml. The chloroplasts were 50 to 60% intact by ferricyanide assay and fixed CO2 at a rate of 40 to 60 ,umol/mg Chl * h. Half of the chloroplasts were incubated in saturating light for photosynthesis (0), while the other half were incubated in complete darkness (A). Samples (0.1 ml) were taken at the indicated times, diluted with 0.9 ml 50 mm Hepes-NaOH (pH 7.0), and centrifuged at 10,000g for 30 s with a Beckmann microfuge B. Enzyme activity was assayed using 0.9 ml of the chloroplast extract. NADH-NAAP presence of catalytic amount of certain phenols and Mn2' and the reaction is sensitive to cyanide and catalase (1) . NAAP clearly differs from horseradish peroxidase since ascorbate and Fe2' do not substitute for phenol and Mn2' in the reaction described by Akazawa and Conn (1) and furthermore, their preparation was insensitive to pyrophosphate.
Our preparation of spinach NAAP has properties very similar to those reported for the spinach chloroplastic membrane-bound enzyme of Groden and Beck (11) , and the soluble, cytoplasmiclocated enzymes of Kelly and Latzko (15) and Skigeoka et al (21, 22) obtained from peas and E. gracilis, respectively. For example, in addition to reasonably similar Km values for ascorbate and H202, NAAP mimics the spinach, pea and Euglena AAP with respect to sensitivity to cyanide (11, 15, 21, 22) , insensitivity to sulfhydryl inhibitors (21) and the role of Fe2+ (21) . In contrast, the pH profiles differ inasmuch as the optimum for spinach NAAP is 6.8 which compares with 6.2 for Euglena (21) and 7.5 to 8.0 for spinach chloroplastic membrane bound peroxidase (11) .
NADH-NAAP is presumably a hemoprotein like other plant peroxidases (18) and this is indicated by cyanide inhibition. But loss of enzymic activity by the Fe2+ chelator, a,a-dipyridyl, and restoration of activity by Fe2+ following dialysis indicates that noncovalently bound iron may also play a role. It is also possible that the inhibition of NADH-NAAP by DTT may, in part, be associated with the heavy metal chelation property of the dithiols. The AAP purified from Euglena by Shigeoka et aL (21) has the interesting property of extreme lability in the absence of Fe2 . This instability would appear to be associated with the loss of Fe2+ during purification of their enzyme and is similar to the instability we find for NADH-NAAP. The ferrous form of iron has been implicated in a number of plant enzymes, notably aconitase and raminolevulinate synthase but its cofactor or structural role in those enzymes (19) and in NADH-NAAP remain to be determined.
A portion of the cells' NADH-NAAP is located in the chloroplasts ofspinach and S. praealtum (Table III, Fig. 4 ). Both NADH-NAAP and its AAP activity are lower following incubation of 10 2 MINUTES   FIG. 4 . Effect of light on NADH-NAAP and malate dehydrogenase from S. praealtum chloroplasts. S. praealtum chloroplasts, isolated from protoplasts, were incubated and sampled in a procedure identical to the one used for spinach chloroplasts in Figure 3 , with the exception that the chloroplasts were incubated at 30 C. Chloroplast samples were assayed for NADH-NAAP (A) or malate dehydrogenase (B) . Chloroplasts were incubated continuously in dark (A), or incubated in the light (0) and then darkness (arrow). spinach and S. praealtum chloroplasts under photosynthesizing conditions. An inhibition by light has been reported for glucose-6-P dehydrogenase from spinach chloroplasts (3) and pea leaf phosphofructokinase, a cytoplasmic enzyme (13) . The photoregulation observed here for NADH-NAAP is consistent with the hypothesis advanced by others (2, 7) that light-generated reducing agents regulated metabolism by inhibiting and stimulating certain enzymic steps. Light-mediated activation or inactivation of enzyme activity appears to involve a thiol-disulfide reaction on the modulatable protein and can usually be duplicated in vitro by DTT. Thus, inactivated glucose-6-P dehydrogenase (3), phosphofructokinase (13) , and NADH-NAAP reported here are all inhibited by DTT but at least with respect to NADH-NAAP, inhibition by the dithiol does not seem to be compatible with the ineffectiveness of iodoacetamide, N-ethylmaleimide, and arsenite.
Light-mediated inhibition of NADH-NAAP is abolished when the photosynthesizing chloroplasts are incubated with 10 ptM DCMU. This finding is readily explained on the need of a reductant generated during the photochemical act. On the other hand, the apparent regulatory role of Fe2+ on NADH-NAAP is not readily explained on the basis of current concepts of interaction between the photochemical act and enzymic activity.
Finally, inasmuch as H202 has been shown to inhibit photosynthetic activity in isolated chloroplasts (14, 20) , then chloroplastlocalized ascorbate peroxidase activity may be a protective mechanism to counter H202 production which is not destroyed by diffusion into other cellular compartments. Indeed, Groden and Beck (11) have proposed that the physiological role of chloroplastic peroxidatic activity is H202 detoxification which is produced in the chloroplast by photosynthetic 02 reduction. Our observations that NADH-NAAP functions optimally at a pH (Fig. 2) , similar to that of the stromal pH of darkened chloroplasts (12) and that the soluble chloroplastic peroxidase activity is inhibited during photosynthesis (Figs. 3 and 4) are consistent with the notion that this enzyme functions primarily during dark metabolism in the chloroplast. We suggest that a possible role for NAAP in the chloroplast would be to recycle reduced pyridine nucleotide generated from such metabolic activity as starch breakdown either by glycolysis or the oxidative pentose-P cycle.
